Introduction
In conventional steelmaking process, dust generation is usually 20 kg/ton-steel, in which FeO or Fe 2 O 3 are the main components.
1) The generation of dust reduces the recovery rate of metal along with an increase in energy consumption. In addition, treatment of dust is not only a task but also costly. Hot metal pretreatment and less slag steelmaking in BOF process 2) has improved the iron loss to slag. In turn, the iron loss caused by dust is major problem. The iron loss caused by dust will be the biggest source of loss in steelmaking process. Regardless of the loss of other elements in it, iron loss caused by dust emission is more than 5 million tons with the assumption that the domestic annul output is 5 billion tons.
Dust control technology involves on-line and post BOF treatments. At present, the technology of dust control is mainly focused on recycling after BOF [3] [4] [5] [6] practice. This will not only increase energy consumption developing remelting process, but also lead to another environmental pollution.
Nowadays the world is faced with the severe challenge of greenhouse gas. [7] [8] [9] The research team has been working on how to apply greenhouse gas (CO 2 ) to dust management during BOF operations since 2005. The goal of this project is to develop a new technology with multiple consequences in environmental protection, such as energy-saving and emission-reducing.
Based on related thermodynamic theory in conjunction with experimental study of the reactions between carbon dioxide and elements in molten steel, this paper focuses on the effect of the stepped CO 2 blowing rate on the generation of dust from BOF. In this study, the dust generation in the conventional 30 t BOF smelting process of Fujian Sanming Iron and Steel Plant has been in particular measured.
The research team has tried to develop a new technology applying greenhouse gas (CO 2 ) to BOF dust since 2005. It is named CO 2 and O 2 Mixed Blowing steelmaking process abbreviated to COMB steelmaking process.
Theory

Thermodynamics
Carbon dioxide is a gas that can oxidize some elements in molten steel. According to the preliminary thermodynamic analysis, the following reactions can happen at the temperatures in steelmaking process. Carbon dioxide gas can react with C, Fe, Si and Mn to form oxides, such as direct oxidative reaction. Table 1 show that the reaction of carbon dioxide and C or Fe is endothermic process, while the reaction of carbon dioxide and Si or Mn is exothermic one. However, compared with the exothermic reaction of oxygen and Si or Mn, the heat outputs in the reaction of carbon dioxide and they are only about 30 %. Therefore, mixing a amount of CO 2 into O 2 , can reduce fire-spot temperature, thereby limiting the evaporation of iron metal and reducing the dust generated. 12) However, in indirect oxidative reaction, the element [ The thermodynamic theory and experimental research on reducing the dust generation in CO 2 and O 2 Mixed Blowing (COMB) steelmaking process have been undertaken. In labo-scale experiment, data show that the amounts of dust and iron loss keep on decreasing as CO 2 blowing rate increases. Further, dust sampled from 30 t BOF conventional process in Fujian Sanming Iron and Steel Plant has been analyzed, and the dust generation rate in the conventional process reduced from 666 g/s at the 1.5 min point to 215 g/s at the end of blowing. Introducing the technology of the stepped CO 2 blow, the average generation rate of dust is reduced by 12.5 % in this experiment compared with the conventional one, while the average generation rate of T-Fe in dust is reduced by 12.7 %. This improvement has been made keeping the same decarburization rates. Therefore the stepped CO 2 blowing rate has remarkable effect on dust generation. This research has proved that COMB steelmaking process is effective on a decrease in dust generation along with improved iron yield.
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consistent oxygen transfer mechanism with pure oxygen blow. Nomura 10, 11) has shown that decarburization reaction of molten iron is limited synthetically by the following reactions with a large amount of CO 2 mixed blow.
When the CO 2 and O 2 mixed gas is blown into molten iron, [mass %C] of the melt decrease rapidly as the P CO 2 increases in the condition where the O 2 velocity of blowing is maintained.
Heat Calculation
Taking 100 kg pure molten iron in BOF for example, material balance and energy balance has been calculated with varied proportions of CO 2 blowing. According to the measurement in practice by Ohno, 13) we assumed that the proportion of the fire-spot district was 40 %. When the proportion of CO 2 blowing is 0-30 %, the temperature of fire-spot reaction zone can be calculated, as shown in Fig. 1 . The vapor pressure of iron metal is bound up with the temperature at the fire-spot district. The other districts' temperature is much lower than it. According to one of the dust generation mechanisms by Tsujino, the mostly of dust will generate at the fire-spot district.
As can be seen from Fig. 1 , the calculated temperature of fire-spot reaction zone decreases as the proportion of CO 2 blow increases, thereby limiting the evaporation of iron metal leading to reduction in the dust generated. This is mainly due to the little exothermic reaction about CO 2 with the elements in the molten iron.
Experiment
Laboratory
In this study, 10 kg pig iron and 10 kg scrap was contained in the induction furnace. Some auxiliary materials were added after melting, such as lime (0.5 kg) and fluorite (0.2 kg). The auxiliary materials composition was shown in Table 2 . The blowing was began when the temperature of the melt increased to an aimed temperature (1 550°C), and lasted for 60 min. Total flow of the CO 2 and O 2 mixed blowing was controlled at 500 L/h. With the varied proportions of CO 2 as 5 %, 10 %, 15 %, 20 %, 30 % in the mixed gas, the rest of which is pure oxygen, dust generated each time has been collected respectively, and weighted with electronic balance. Then Fe element in the dust has also been analyzed.
Industrial Experiment of COMB Steelmaking Process (1) Equipment
Based on the conventional equipment of 30 t BOF in Fujian Sanming Iron and Steel Plant, a gas pipeline for carbon dioxide was connected to the main pipe for oxygen supply in this experiment. Carbon dioxide gas for experiment was provided by a volume of gasholder of 20 m 3 . In order to control the instrument valve station in production field, In this experiment, the calculation has been carried out to understand material balance and energy balance with the assistance of conventional smelting parameters. The experiment charging system and gas supply schemes are shown in Tables 3 to 5. In Table 5 , the mode of constant flow of CO 2 blowing is called COMB process A, while the mode of the stepped CO 2 blowing is called COMB process B. (2) Dust Sampling 1) Sampling point: A small water seal of the first venturi tube was used. Sampling point was fixed. 2) Sampling frequency: dust laden water was sampled at 1.5 min intervals during the period from the start to the end of blowing to extract dust contained in the water. 3) Volume check method: A conical flask was used to take water sample, which should be put into a measuring cylinder. Quantitative water samples by the measuring cylinder were taken and sealed in another conical flask every 1.5 min during the blowing time. The conical flask was placed on electric hot plate, dried in constant temperature drying oven after almost drying out, taken out and weighted by electronic balance. The suspended matter content was calculated by comparing bottle weights pre and post the process. Chemical analysis was carried out to detect physical content, such as T-Fe%, M-Fe%, FeO%, Fe 2 O 3 %, CaO%, MgO%.
Results and Discussion
Labo-scale Experiment
As shown in Fig. 3 , carbon content in the molten iron almost trend to be constant after blowing for 30 min, except for the heat at 20 % CO 2 blowing proportion. That was because the initial carbon in the molten iron was much higher than the others. It became to be constant until it blew for 40 min. Carbon contents in the molten irons were almost reduced to 0.012-0.018 %. It proved that it did not affect the decarburization even blowing CO 2 in the range of 0 to 30%. The decarburization rate in the condition of reducing the ratio of O 2 against CO 2 gas was a bit higher than that of blowing pure O 2 . Figure 4 shows the amounts of dust and iron loss decrease continuously as the blowing proportion of V CO 2 /V (CO 2 ϩO 2 ) is increasing. The trend of the dust and iron loss decreasing was the same, because more than 90 % are metallic iron (hereinafter referred to as M-Fe) with iron oxides of FeO and Fe 2 O 3 , as shown in Table 6 . The quantities of the other component such as CaO, etc., contained in dust, are very small. 
Practical Experiments
The experiment includes 21 heats in all, in which 11 heats have been conducted with COMB steelmaking process while 10 heats with conventional steelmaking process. The chemical compositions of the slag and dust were shown in Tables 7 and 8.
As shown in Fig. 5 , the generation rate of BOF dust and T-Fe in the dust change in similar trends of mostly decreasing during a practice of the conventional process. The dust generation rate reduced from 666 g/s at the 1.5 min point to 215 g/s at the end of blowing. But during the middle and late period of the practice, the change is fluctuant. Dust rises slightly at 4.5 min sampling point. This is mainly because some slag making material goes into the dust after the slag making materials such as lime are added into liquid steel at 3 to 5 min. Dust amount increases obviously at 7.5 to 9.0 min during sampling time. This is mainly because a large amount of Fe element is evaporated into the dust at the fire-spot district, carbon-oxygen reaction has come to the peak period in the pool, and the temperature in fire-spot area increases drastically. Table 7 shows a typical example of slag composition at the end of a practice. The T-Fe in COMB process is smaller than that in conventional process. As shown in Fig. 6 , the authors have found that dust content change is downtrend with increasing amount of CO 2 blowing rate. This result can be related to the analyses in Figs. 1 and 4 . Both the estimated temperature at fire-spot and the experimental practice show that the appropriate amount of carbon dioxide blow can significantly reduce the dust generation in BOF steelmaking process. the dust and the T-Fe in dust decreases sharply from the 1.5 min point to the last stage of blowing. It was different from the results by Tsujino, 12) who found that the generation rate of total dust and T-Fe in dust increased sharply at the initial stage of blowing, almost constant in the middle stage, and decreased abruptly at the end of blowing. Table 8 shows a typical example of average composition of components obtained by sampling dust at 1.5 min intervals of the blowing time. The T-Fe content in dust is about 60-70 %, while the T-Fe is more than 80 % referring to the date by Tsujino. According to Table 8 , it is found that the CaO content in the dust is almost 7 %. The reason is that the study of Tsujino was in the condition of 250 t LBE converter, the time of blowing was twice of the blowing time in our study. In the study of Tsujino, the oxygen supply intensity of the 250 t converter was 2.27 Nm 3 /(t · min) while in our study 4.33 Nm 3 /(t · min). The generation rate of the dust and T-Fe in dust had increased to the peak point before the first water sample was taken at the 1.5 min point because of the high oxygen supply intensity. So it is necessary and important to make a scheme to control the dust generation according to the oxygen supply intensity in the furnace.
As is shown in Fig. 7 , with employing the mode of constant flow of CO 2 blowing in steelmaking process, T-Fe content in dust was reduced averagely by 5.4 % compared with that in conventional process. T-Fe content at the sampling point was reduced by 25 % in maximum. However, evaporation of Fe element fluctuated slightly compared with conventional process.
According to the trend of the change of the dust generation rate, it is necessary to increase the velocity of CO 2 flow to control the dust generation rate at the initial stages of blowing. Though the temperature in the pool of the molten iron is low at the beginning, the fire-spot temperature is high because the reaction of [Si] with oxygen is an intense exothermic one. Taking the changes of dust and T-Fe content in dust both in conventional process and the steelmaking mode of constant flow CO 2 , the research team work on the mode of the stepped CO 2 blow rate, as shown in Fig. 7 . This technology has good effect on restraining the dust generation during the middle and late periods. Compared with the conventional process, the dust was decreased by 12.5 % and T-Fe in dust was decreased by 12.7 %. This is mainly due to different thermal effects of reactions of CO 2 , O 2 and the elements in molten pool, which decreases the temperature at the fire-spot area. Thereby, the evaporation of Fe element was considered to be reduced to a certain extent resulting in a decrease in the generation of dust in steelmaking process.
Conclusion
Synthesizing theoretical calculation of COMB steelmaking process which can reduce the generation of dust, the experiment in miniature induction furnace and the industrial experiment, the research team draws the following conclusions:
(1) The test of dust control in COMB steelmaking process shows that the generation rate of BOF dust and iron loss have continued to decrease as increasing an amount of CO 2 blow rate.
(2) Inspection test of dust sampling in work field shows that the dust generation rate in the conventional process is decreasing, but the generation rate of T-Fe in dust shows great fluctuation. Besides the dust generation rate in the conventional process reduce from 666 g/s at the 1.5 min point to 215 g/s at the end of blowing.
(3) The stepped CO 2 blowing rate has remarkable effect on dust control. Compared with conventional process, the average generation rate of the dust is reduced by 12.5%, while the average generation of the T-Fe in dust is reduced by 12.7 %.
